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To f a c i l i t a t e  t h e  n a v i g a r i o n  o f  s p a r e c r a f t  t o  t h e  o u t e r  p l a n e t s ,  . J u p i t e r  

and b e y o n d ,  t h p  .It'L-NASA Deep  S p a c c  Nctwork (DSh) has  imp1emr.ntt.d t h r ~ t ,  

e n s ~ m h l e s  o f  a t o m i c  c l o c k s  a t  w i d r l y  separated l o c a t i o n s  (Goldstonc, 

C a l i f  o r n i a / C a n b e r r a  , A u s t r a l i a / M a d r i t l  , S p a i n ) .  T h e s e  c l o c k s  m u s t  b c  nlai n- 

13 
t a i n e d ,  s y n t o n i z e d ,  t o  w i t h i n  a few p a r t s  i n  10 o f  e a c h  o t h e r  a n d ,  t h p  

e n t l r e  grorrp m u s t  b e  m a i n t a i n e d ,  t o  a l e s s e r  d e g r c c ,  i n  s y n c h r o n i s r r l  w i t h  

UTC (bHS/lJSNO). 

O v e r  thc l a s t  1 1 1 2  y c a r r ;  t h e  DSN h a s  b e e n  us in^ G l o h a l  P n s i t i o n ~ n g  

S a t e l l i t e s  (GPS)  a n d  V e r y  Long  B a s e l i n e  I n t e r f e r o m e t r y  ( V L ~ I )  t e c h n o l o y y  t o  

p c r f o r m  these  c r i t i c a l  F r e q u e n c y  anti  T i m e  ( F & T )  s y n c h r o n i z a t i o n  t a s k s .  

B o t h  t e c h n i q u e s  a r e  r e q u i r e d  b e c a u s e :  1 ) Though  V L K L  t e c h n i q u ~ ~ ;  pcqrmi t  

d l r e c t  F&T m e a s u r e m e n t s  on w i d e l y  d i s p e r s e d  c l o c k s ,  i t  i s  r p l a t i v e l y  i n s e n -  

s i t i v e  t o  d r i f t .  D r i f t  o f  t h e  g r o u p  away f r o m  1JTC a n d  s e r o n d  o r d e r  d r i f t  

o f  i n d i v i d u a l  member c l o c k s ,  2 )  T h c  p r e s e r l t  c n n s t c l l a t i n n  o t  G P S s  i s  q u i t e  

s e n s i t i v e  to c l o c k  o f f s e t  f r o m  UTC a n d  t o  s e c o n d  o r d e r  d r i f t  h u t  s i r n u l t a -  

n e w s  d i r e c t  m e a s u r e m e n t s  on  w i d t a l y  s e p a r a t e d  c l o c k s  (Ar ls t  r a l  i a  t o  S p a i n )  

c a n n o t  b e  made. 

T h i s  r e p o r t  c o v e r s  a y e a r  o f  FhT s y n c h r o n i z a t i o n  d a t a  c o l l e c t e d  f rorn  t h e  

i n t e r c o m p a r i s a n  o f  3 s e t s  o f  cesium a n d  h y d r o g e n  maser d r i v e n  c lock  en- 

semhles r h r o u g h  the u s e  o f  GPS a n d  VLHI  t e c h n i q u e s .  A l s o  c o v c r e d ,  a r c  

some  of  t h e  p r o b l e m s  m e t  a n d  l i m i t a t i o n s  of t h e s e  two t e c h n i q u e s  a t  t h e i r  

prescnt l e v e l  of t e c h n o l o g y .  
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INTRODUCTION 

I n  o r d e r  t o  meet t h e  i n c r e a s i n g l y  h i g h e r  a c c u r a c y  demands of  s p a c e c r a f t  
n a v i g a t i o n  t o  t h e  o u t e r  p l a n e t s  ( I l r anus  and Nep tune ) ,  Deep Space  Network 
( D S N )  O p e r a t i o n s  i s  imp lemen t ing  and t e s t i n g  improved and more a c c u r a r c  
f r e q u e n c y  and t i m e  (F&T) t e c h n o l o g y .  These  F&T r e q u i r e m e n t s  a r e  a n  order  
of magn i tude  more s t r i n g e n t *  t h a n  t h e y  were  f o r  t h e  J o v i a n  p l a n e t a r y  
e n c o u n t e r .  The three hydrogen maser (HMA)/cesium (CS) d r i v e n  clock en-  
s embles  were  s y n t a n i z e d  t o  e a c h  o t h e r  and t o  UTC (NHS) i n  l a t e  1980 [ 1 , 2 ] .  
Employing a t e c h n i q u e  d e v e l o p e d  by t h e  a u t h o r  t h a t  f i r s t  t r a n s f e r s  t h e  
Cs133 h y p e r f i n e  l i n e  t o  t h e  hydrogen  line t h e n ,  a l l  s u b s e q u e n t  s y n t o n i z a -  
tion i s  accompl i shed  t h r o u g h  t h e  u s e  of  t h e  hydrogen  h y p e r f i n e  l i n e  ( 3 1 .  
The s y n t o n i z a t i o n ,  s o  e s t a b l i s h e d ,  i s  b e i n g  m a i n t a i n e d  t h r o u g h  t h e  combined 
use of  f i v e  t e c h n i q u e s  (GPS, LORAN, TV, T r a v e l i n g  C l o c k s  a n d  V L B I ) .  T h i s  
paper r e p o r t s  t h e  r e s u l t s  f rom one  y e a r s  GPS and V L H l  F&T d a t a  u s e  t o  
m a i n t a i n  s y n t o n i z a t i o n  v i a  d i r e c t  f r e q u e n c y  measurements  a n d ,  by t h e  i n t e -  
g r a t i o n  of t i m e  domain measurements .  

The L a x e r  F requency  and Time Sys tcm -- -- - -- 

F o r  t h e  p u r p o s e s  of  t h i s  r e p o r t l s t u d y  t h e  Very Long Base I n t e r f e r o m e t e r  
(VLHI) Time  Sync  Systern has been i n t e g r a t e d  i n t o  t h e  F requency  and T i m e  
System. X r e f e r  t h e  r e a d e r  t o  F i g u r e  1 which  i s  a n  i l l u s t r a t i o n  of DSN's 
VLHI Time Sync  Da ta  System. A t  t h e  p r e s e n t  t i m e ,  t h e  G l o b a l  P o s i t i o n  
S a t e l i t e  (GPS) r e c e i v e r s  a r e  u n d e r  an e v a l u a t i o n  s t u d y  a s  a  h i g h  p r e c i s i o n  
F&T d a t a  g a t h e r i n g  sys t em.  F i g u r e  2 i l l u s t r a t e s  how r h e  G P S  F&T s y n c  
ha rdware  was c o n f i g u r e d  d u r i n g  t h e  p e r i o d  cove red  by t h i s  r e p o r t ,  The 
d e s i g n  was t o  p r o v i d e  f o r  r e g u l a r  and r o u t i n e  F&T data c o l l e c t i o n ,  p r o v i d e  
cnmmunicat ion pa thways  t o  d a t a  r e d u c t i o n  c e n t e r s ,  p r o v i d e  f o r  t h e  d i s t r i -  
b u t i o n  of t h e  r educed  data,  i n  t h e  form of " q u i c k  look  r e p o r t s "  v i a  TWXs 
t o  t h e  c o l l e c t i o n  p o i n t s ,  t o  t h e  FbT Network O p e r a t i o n s  A n a l y s t  (NOA) and 
t o  t h e  F&T Sys t em C o g n i z a n t  O p e r a t i o n s  E n g i n e e r  ( S C O E ) .  

The 6 Plonth T e s t  

Beg inn ing  e a r l y  J a n u a r y ,  1984, t h r o u g h  mid-August a t e s t  was c o n d u c t e d  f o r  
t he  p u r p o s e  o f :  1 )  Measu r ing  t h e  minimum l e v e l  of e f f o r t  r e q u i r e d  t o  meet 
t h e  1 s igma  level of  t h e  f o u r  most  c r i t i c a l  F&T p a r a m e t e r s  ( m u t u a l  syn-  
t o n i z a t i o n  be tween p a i r s  o f  o s c i l l a t o r s ;  s y n t o n i z a t i o n  of o s c i l l a t o r s  t o  t h e  
UTC r a t e ;  mu tua l  s y n c h r o n i z a t i o n  be tween p a i r s  of c l o c k s ;  s y n c h r o n i z a ~ : i o n  
of  c l o c k s  t o  t h e  UTC e p o c h ) .  These  are l i s t e d  i n  d e s c e n d i n g  o r d e r  of 
d i f f i c u l t y  t o  meet and m a i n t a i n .  2 )  E v a l u a t i n g  t h e  c o m p a r a t i v e  e f f e c t i v e n e s s  
of t h e  GPS and  VLBL t e c h n i q u e s  t o  measure  t h e s e  f o u r  F&T p a r a m e t e r s .  

F i r s t  e a c h  of t h e  t h r e e  HMA were  tuned  (microwave c a v i t y  a d j u s t e d )  i n  s i t u  
t o  the hydrogen  l i n e  t o  b r i n g  t h e  g r o u p  i n t o  mu tua l  s y n t o n i z a t i o n .  N e x t ,  
each HMA s y n t h e s i z e r  was a d j u s t e d  t o  l ower  t h e  o u t p u t  f r e q u e n c y  t o  n u l l i f y  
t h e  e x p e c t e d  p o s i t i v e  f r equency  p u l l i n g  c a u s e d  by accumula t ed  c a v i t y  a x p i n g .  
L a s t  t h e  m a s t e r  c l o c k  of e a c h  ensemble  was r e s e t  t o  b r i n g  i t  w i t k i n  - +1 
microsecond of t h e  UTC (USNO) epoch.  

* The c l o c k  r a t e s  o f  t h e  t h r e e  g l o b a l l y  d i s t r i b u t e d  ensembles  a r e  to  be 
m a i n t a i n e d  s y n t o n i z e d  t o  t h e  UTC r a t e  w i t h i n  2 1 . 7 ~ 1 0 - 1 3 .  A t  J u p i t e r  
this r e q u i r e m e n t  was i m p l i e d  t o  be w i t h i n  + +1x10-12. 



The m u t u a l  syntonization between t h e  three p a i r s  of osciliators was measured 
using both r i m e  domain and d i r e c t  f r e q u e n c y  domain m e a s u r e m e n t s .  employing 
both the GPS and V L B l  instrumentarinn. The GPS time domaan derivation of 
clack rate d a t a  (TABLE 1) were t a k e n  on m u l t i p l e  s p a c e c r a t t  I n  t he  pseudo 
simultaneous r n u t u a l  view mode,  and, is the 12 minute observacdom e a c h  
s r d e r e a l  d a y ,  averaged over the YERIOI)  indicated. The V L B I  t i m e  domain 
derivation o f  clock r a t e  (TABLE 1 )  is taken on r n u l t i p l e  ( b  to 20 )  Extra 
G a l a c t i c  Kadio Source (EGKS) observations taken every b t o  10 aavs .  The 
smaller values of STD UEV f o r  the G P 5  d a t a  are more a re f l e tTLio l r  of the  
i a r -ge r  sarnple size t h a n  t h e y  a r e  of instrumentation quality. 'The c l u c k  
r d t e  d e r i v e d  by t h e  two techniques are  always within l p s s  than 1 sigma 
v a r i a n c e  over any common period. 

If is significant to note that, since these are time d o m a i n  data, Chey con- 
tain t h e  no ise  of two  clocks i n  a d d i t i o n  t o  the noise of the two o s c i  l l a t o r s .  
' h e  clock clriveri by oscillator #5 is significantly n o i s i e r  tirarr t h ~  o t h e r s .  

1 Th16 c l o c k  noise has adversely affected the V L B I  data. Bur ,  s i n c e  the 
I GPS da r a  on osc. #5 d o e s  not e m p l a y  t h i s  clock (see  F i g u r e  2) t h e r e  is no 

d e g r a d a r f o n  from this cause. The data indicate we can meet the reqwirement 
w f t h i n  2 sigma. 

TABLA contains oscillator vs oscillator syntonization d a t a  r + o l l e c t e d  by 
d i r e c t  f r e q u e n c y  measurements of frequency (clock rate) by b o t h  t i l e -  G P S  a n d  
VI.RI t rchs~ lques .  The GPS direct f r e q u e n c y  d a t a  (TABLE 2 )  werc*  taken o n l y  
when one or more spacecraft were in rrue simultaneous m u t u a l  v i ew .  Note, 
i!lLlf t h e  measurement noise  of t h e  GPS data  is more than an nrdcr .  i,f magni- 
t u d e  grearcr than  t h a t  on rhe V1,BK data. 

'I'ABLE 3 contains oscillator s y n t o n i z a t i n u  to UTC ( N ~ S / t l S N 0 j l  dat;i dcrived 
trom r ime  c1omai:i measurements. The VI,BI time sync t echn ique  zarlnnt r;iertsilrc 

milis parameter t h e r e f o r e  t h e  t a b l e  containr; only GPS mea'tsurernenls. The 
d a t d  were derived Eram the relationship: 
jtJ'rc:(rjns) - IrrcCr;PS) - (OSC/CLK - UTC(C;I-'S)) = UTC(N8S) a- uSC/Ci.K 
The data were collected u s i n g  t h e  p s e u d o  s i m u l t a n e o u s  mutr la l  v i e w  technique- 
And so, r he results still contain uncorrelated UTC(GPS) nrr i sc ,  ilncrrl i b r a t e d  
pat.ll d e l a y s  (~ustralia more noisy rhan S p a i n  o r  USA) a n d ,  nf c u l t l s e ,  L h c  
OSClCLK noise. The largest contribution Js that caused by OSC/CLK b e h a v i o r .  
( i , k g . ,  anreported clock perturbat ions  or r e s e t s  and/or changes i n  t he  local 
:+k~:ulpesc or temperature environmenr* in which t h e  o s c i l l a t i - ~ r -  i r ,  cl~.arer l ) .  

The %ND 0 K I ) E K  DRIFT term da ta  has not bcen  filtered to remove t h e  rl:acL n o i s e  
o r ,  tht! i l f f  e c t s  of environmental changes. By tlse of e y e b a l l  inlrgrarion upon 
thc. data p r e s e n t e d  i n  F i g u r e s  3 ,  4 and 5, the reader can r a s i  ly d e t r t  t :-ion- 
I J  near osciilator performance. Llowever, a6 the value of osc i  1 l a t o r  E r c q u e n -  
i:y o f t s e t  decreases (becomes (10-13) it becomes progressiveiv mor t .  J l f r i c u l t  
t o  determine the 2nd o r d e r  term (frequency drift) because the GPS measurement  
rtoiue (approximately 3x10-14) dominates the p r o c e s s .  

* On 2 occasions (one in Spain Apr i l  1984 and one in USA March, 1984) local 
area e n v i r o n m e n t a l  changes (magnetic and temperature) c a u s e d  a step change 
in the oscillator frequency. These are visible in Figures 3 and 5. 



TABLE I 

TIMI!, UUMA i.h M,i,l.nL i ' K t M b  N'T: ,  O:>CILI.ATI)R V B  OSCIIALATOK 

( I )  HEAS. AV C I S  RATK MEAN STI) DEV 2NU OKIIEK 
OSCILLATORS TECHNIQUE PER1 Ol, OFFSET DRIFT 

VLBI 
GPS 
GPS 
GPS 
VLB l 
GYS 
V L B 1  
GPS 
VLBl 
CPS 
VLKl  
VLBI 
GPS 
GPS 
CPS 
VLBl 
GPS 
GP5 
GPS 
GPS 
GPS 

DIKFCT k'KEQUEi4L:.a' YriI:;FI1tE(i!.IFN'r CISCJLI~ATOK v s  OSCILLATOR 

( I )  Ml:A\" FKEqUENCY PIEAN STD DEV 
OSCILLATURS TE(:IXNIO'I? PER1 O D  OFFSET 

Note: ( 1 )  A l l  o s c i l l a t o r s  arr Smlthsonian Astrophysical  Observatory hydrogen 
masers. Ser ia l  numherb 5 ,  h and 7 are model VLG-1OB and, # I 4  is 
model VLG-11. Ser ia i  #Ei and 1 4  were located in Australia, s e r i a l  
#5 in California and, s ~ r i a l  # 7  in Spa in .  



TABLE 3 
TIME DOMAIN MEASUREMENTS REF UTC (NBS/USNO) 

( 1 )  MEAS. AV CLK RATE MEAN ST11 DEV 2ND ORDEK 
OSCILLATQR TECHNIQUE PERIOD OFFSET D K I  FT 

VLG-lOBb5 
VLG-1 OBII5 
VLG-lOHl/5 
VLG- 1 OBbS 
V I A -  1 OB#5 
VLG-llH#14 
VLG-11 B# 14  
VLG- 1 OB#6 
VLG- 108#6 
VLG- i O B ~ I G  
VLG-lOB#7 
VLG- 1 ORiC7 
VLG-1 OB87  
VLG-1 OB#7 

GPS 
G Y S  
GPS 
GPS 
GPS 
GPS 
GPS 
GPS 
GPS 
GPS 
GPS 
GPS 
GF S 
GPS 

-2.95 
-2.4 
-1.14 
-3.97 
-1.94 

5 .37  
NOT USEABLE 
0.35 
0.50 
0.49 

-5 .22 
0.084 

-0.568 
0.054 

Note: ( 1 )  All oscillators a r e  Smithsonian Astrophysical O b s e r v a t o r y  hydrogen 
masers. Serial numbers 5, 6 and 7 are model VLG-1OB and, #14  is 
model VLG-11. S e r i a l  #6  and 1 4  were located in A u s t r a l i a ,  serial 
#5 in California and,  serial #7 in Spain. 
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on the Kobledo/Tidbinbilla pair, all the data presented in Figure 8 was de- 
rived from the GPS technique. The VLBI  and GPS rime sync data points are 
from instrumentatlan connected directly to the DSN station Reference 
Clock, except @ Goldstone, California. Here rhe GPS time offset is taken 
from a phantom DSN Master Clock located i n  a b~iilding appruxl.mately 200 
meters away (Figure 2), that is driven at the same rate as the DSN Master 
Clock, and, is synchronized to it through use of coaxial cables and a 
portable cesium clock. 

Figure 6 is a p l o t  of a 200 day history of the synchronism between the Tid- 
binbilla Clock and the DSN Master Clock as measured by both techniques 
(GPS and V L B I ) .  The conventlon used is: Tidhinbilla minus the DSN Naster. 
The  large offset* between the two sets of data prior to . J u l i a n  Day 5 8 2 0  
resulted from the lack of a convenient** means to synchronize the phantom 
clock i n  real-time. 

Figure 7 i s  a p l o t  of a 200 day history o f  the synchronism between the Ra-  
hledo Clock and the DSN Master Clock as measured by both techniques ( V L B I  
and GPS). The causes of t h e  time offset prior to Julian Day 5820 are the  
same as for the Tidbinbilla vs DSN Master sync offset. The conventlon 

I used is: Kabledo Clock minus the DSN Master Clock. 

Figure 8 is a plot of a 200 day history of the synchronism betwen the three 
pairs (Tidbinbilla vs  USN Master, Robledo v s  IjSN Master and Kobledo vs Tid- 
binbilla) of 1lSN clocks. All three data sets were collected using t h e  
C:PS t ime sync tect~nique. The conventions used were: Robledo minus Tidbin- 
billa, Robledo minus DSN Master and Tidbinbilla minus USN Master. 

The data indicate that tnutual time synchronization hetweo all possible 
pairs of clocks has been maintained within less than 6 ruicroseconds over 
the 200 day test period. 

* The GPS time sync data reports are distributed within 14 days of t h e  
oldest measurement point d a t e .  The VLBI Time Sync S y s t e m  was in the 
process of a major block upgrade and the reporting lag sometimes ap- 
proached 90 days. Therefore the offset was discovered long after the 
test began. The phantom clock was a d j u s t e d  but, the problem of main- 
taining sync in real-time remained. 

** The DSN Master Clock is "operattonally" maintained 24 hours/day, every  
day. The phantom clock was maintained 8 hourslday, 5 days/week. 



us in^ GPS t e c h n o l o g y  t h e  f r e q u e n c y  o f f s e t  o f  f o u r  SAO VLG se r ies  h y d r o ~ e n  
masers were m e a s u r e d  r o  be w i t h i n  a part i n  10 t o  t h e  12th o f  t h e  UTC(hHS) 
r a t e ,  a n d ,  r e m a i n e d  s o  f o r  t h e  e n t i r e  t e s t  p e r i o d  of 200 d a y s .  

U s i n g  b o t h  GPS a n d  VLBI t e c h n o l o g y  t h e  m u t u a l  ~ y n t o n i z a t i o n  b e t w e e n  t h e  3 
p a i r s  of h y d r o g e n  m a s e r s  w a s  m e a s u r e d  t o  be w i t h i n  2 parts  i n  10 t o  t h e  
1 2 t h ,  a n d  r e m a i n e d  s o  over t h e  e n t i r e  t e s t  p e r i o d .  

U s i n g  GPS t e c h n o l o g y  t h e  t i m e  o f f s e t  o f  t h r e e  g l o b a l l y  separa ted  c l o c k s  
w e r e  m a i n t a i n e d  w l t h i n  less  t h a n  10 m i c r o s e c o n d s  of t h e  UTC(NBS/USNO) e p o c h  
o v e r  the 200 d a y  t e s t  p e r i o d .  

U s i n g  b o t h  GPS and  V L B I  t e c h n o l o g y  t h e  t h r e e  p a i r s  of g l o h a l l y  s e p a r a t e d  
c l o c k s  w e r e  m a i n t a i n e d  i n  m u t u a l  s y n c h r o n i z a t i o n  w i t h i n  6 m i c r o s e c o n d s  
o v e r  t h c  e n t i r e  t es t  p e r i o d .  

T h e  tes t s  r e v e a l e d  3 p r o b l e m s :  1 )  T h e  n e e d  t o  c o n t i n u a l l y  s y n c h r o n i z e  t h e  
phan tom c l o c k  2 )  T h e  n e e d  f o r  p rompt  r e p o r t i n g  3 )  T h e  n e e d  f n r  more s t r i n -  
gent c o n t r o l  of t h e  f r e q u e n c y  s t a n d a r d s  room e n v i r o n m e n t .  P r o b l e m  /I1 
w i l l  ~o away when t h e  GPS s y s t e m  i s  t r a n s f e r r e d  f r o m  " e x p e r i m e n t a l "  t o  
"operational" s t a t u s .  P r n h l e n l  /I2 h a s  a t  p r e s e n t  l e s s e n e d  c o n s i d e r a b l y  
( V L H I  d a r a  t u r n  a r o u n d  t i m e  i s  now 48 h o u r s ) .  

My t h a n k s  t o  Mark M a n n i n g ,  A l l i e d - H e n d i x  F i e l d  E n g i n e e r i n g ,  who progran1mc.d 
a n  H-P 85 c o m p u t e r  t o  p e r f o r m  t h e  d a t a  r e d u c t i o n  a n d  p r o d u c e d  t h e  p l o t s .  
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QUESTIONS A N D  ANSWERS 

D A V I D  SHAFFER, INTERFERQMETRICS: w h a t  VLBI s y s t e m  a r e  you u s i n g ,  
a n d  w h a t  f r e q u e n c y ?  Was i t  S b a n d  o r  X b a n d  a t  G o l d s t o n e  a n d  d i d  
you t r y  t o  r e m o v e  t h e  i o n o s p h e r e  by u s i n g  b o t h  f r e q u e n c i e s ?  

M R .  W A R D :  We h a v e n ' t  r e m o v e d  t h e  i o n o s p h e r e  n o r  t h e  c a b l e  d r i f t  
p r o b l e m s  s i n c e  we d o n ' t  h a v e  o u r  c a l i b r a t o r  y e t .  

We a r e  u s i n g  b o t h  X b a n d  a n d  S b a n d .  T h e  VLBI s y s t e m  t k l a t  we 
a r e  u s i n g  i s  a b o u t  a  M a r k  2 ,  o r  1 . 5 ,  D u r i n g  m o s t  o f  t h e s e  
o b s e r v a t i o n s  w e  a r e  u s i n g  o u r  B l o c k  Z e r o ,  w h i c h  c o l l e c t s  t h e  d a t a  
o n  w i d e b a n d  v i d e o  t a p e ,  T h e  r e s t  o f  i t  u s e d  o u r  B l o c k  O n e ,  w h i c h  
s e n d s  t h e  d a t a  i n  d i g i t a l  f o r m  o n  w i d e b a n d  d a t a  l i n e s  b a c k  t o  t h e  
c o r r e l a t o r  i n  P a s a d e n a .  

GERNOT WINKLER, U.S.N.0,:  Why t h e s e  l o n g  d e l a y s  i n  g e t t i n g  t h e  
VLBI d a t a  w h e n  y o u  h a v e  t r a n s m i t t e d  t h e  d a t a  b a c k  o n  w i d e  b a n d  
l i n k s ?  

M R .  W A R D :  T h e r e  i s  a b i g  g a p  b e t w e e n  d o i n g  t h i n g s  i n  t h e  
l a b o r a t o r y  , a n d  r o u t i n e l y  d o i n g  i t  i n  t h e  f i e l d .  T h e r e  i s  t h i s  
b u s i n e s s  o f  g e t t i n g  p r o c e d u r e s  a p p r o v e d ,  a n d  s i g n e d  o f f ,  a n d  
g e t t i n g  s o f t w a r e  r e l e a s e d .  

M R .  W I N K L E R :  I t  i s  n o t  a t e c h n i c a l  p r o b l e m  t h e n ,  b u t  a n  
a d m i n i s t r a t i v e  o n e ?  

M R .  W A R D :  C o r r e c t .  

M R .  WINKLER: T h e  n e x t  q u e s t i o n  i s :  You s h o w  c o n s i s t e n t l y  t h a t  t h e  
GPS  o b t a i n e d  v a l u e s  a r e  v e r y  s m a l l  i n  p r e c i s i o n  a n d ,  c o n v e r s e l y ,  
t h e  V L B I 1 s  s c a t t e r  a b o u t  t e n  t i m e s  m o r e .  Y e t ,  w h e n  y o u  s h o w  t h e  
r a t e s ,  t h a t  i s  r e v e r s e d .  T h a t  i s ,  t h e  V L B I  r a t e s  a r e  m u c h  
s m o o t h e r  f r o m  d a y  t o  d a y  t h a n  t h e  G P S  r a t e s .  I t h i n k  t h a t  t h i s  i s  
i n c o n s i s t e n t ,  

M R .  W A R D :  T h a t  a g a i n  i s  p a r t  o f  t h e  o p e r a t i o n s  p r o b l e m .  T h e r e  
h a v e  b e e n  t w o  o c c a s i o n s  w h e n  t h e  t w o  s y s t e m s  were  r u n n i n g  o n  
d i f f e r e n t  c l o c k s .  

M R .  ALLAN: I t h i n k  t h a t  t h e  r e a s o n  f o r  t h e  d i f f e r e n c e  i s  t h a t  i f  
y o u  a v e r a g e  G P S  o v e r  1 2  m i n u t e s ,  a s  K l o b u c h a r  h a s  s h o w n  i n  s o m e  
w o r k  t h a t  h e  h a s  d o n e ,  y o u  c a n  b e  a f f e c t e d  b y  m u l t i - p a t h .  I t ' s  an  
e x c e l l e n t  t ime  p o i n t ,  b u t  i t ' s  n o t  a v e r y  g o o d  f r e q u e n c y  m e a s u r e  
o v e r  a  f e w  m i n u t e s .  T h e  s c a t t e r  c a n  b e  q u i t e  h i g h .  T h e  f r e q u e n c y  
s h o u l d  b e  d e t e r m i n e d  f r o m  d a y  t o  d a y  n o t  o v e r  t h a t  s h o r t  s a m p l e .  

M R .  WINKLER: I c a n ' t  u n d e r s t a n d  t h a t ,  b e c a u s e  G P S  t i m e  v a l u e s ,  
d a y  a f t e r  d a y ,  a r e  s m o o t h .  I f  y o u  d e r i v e ,  f r o m  t h e  t i m e  v a l u e s ,  
t h e  r a t e s  -- o r  d o  y o u  d e r i v e  t h e  r a t e s  d i r e c t l y  f r o m  GPS? 

M R .  ALLAN: T h a t ' s  r i g h t .  

M R .  WINKLER: T h a t ' s  c r a z y !  



MR. WARD: T h i s  i s  a n  e v a l u a t i o n  p e r i o d  f o r  u s  w i t h  G P S ,  aw~tl I 
j u s t  t r i e d  t h i s  t o  s e e  w h i c h  d a t a  t y p e  g r o d u c e d  t h e  g r e a t , e s t - ,  
p r e c i s i o n  a n d  a c c u r a c y .  F o r  i n s t a n c e  VLBI h a s  t h e  g r e a t e r  
p r e c i s i o n ,  b u t  i t  d o e s n ' t  h a v e  t h e  a c c u r a c y .  A l s o ,  b e f o r e  you c a n  
u s e  t h e  V L U I ,  y o u  h a v e  t o  u s e  s o m e  o t h e r  m e t h o d  t o  rnake s u r - e  t h a t  
t h e  t w o  s t a t i o n s  a r e  w i t h i n  t e n  m i c r o s e c o n d s  o f  e a c h  o t h e r  t u  c u t  
down t h e  p r o c e s s i n g  t i m e  a t  t h e  c o r r e l a t o r .  I t  r e q u i r e s  a p r i o r i  
s y n c h r o n i z a t i o n  and  s y n t o n i z a t i o n .  

M R .  HEINIIARDT: T h e r e  i s  a  v e r y  good  r e a s o n  f o r  t h e  b i g  d i f f e r e n c e  
i n  V L B I  b e t w e e r ,  t h e  r a t e  d a t a  a n d  t h e  t i m e  d a t a .  T h e r e  au'o t w o  
s e p a r a t e  o u t p u t s  i n  t h e  V L B I  p r o c e s s i n g .  One  i s  t h e  f r i n g e  r a t e  
o u t p u t ,  a n d  o n e  i s  t h e  f r i n g e  o u t p u t .  T h e y  g o  t h r o u g h  v e r y  
different p r o c e s s i n g .  I s u s p e c t  t h e  t i m e  d a t a  i s  h i t ; h l y  
c o n t a m i n a t e d  by  t h e  f a c t  t h a t  t h e y  d o n ' t  h a v e  a  c a b l e  c a l i b r a t o r .  

My q u e s t i o n  i s :  Can  y o u  c o m m e n t  o n  t h e  s o u r c e  o f  t h e  l a r g e  
s c a t t e r .  i n  t h e  t i m e  d a t a ?  What d o  you t h i n k  i s  c a u s i n g  i t  i:~ ttle 
s y s t e m ,  and  d o  you e x p e c t  t h a t  t o  b e  c l e a n e d  u p ?  

M R .  W A R D :  T h a t  i s  m o s t l y  an o p e r a t i o n a l  p r o b l e m .  T h a t ' s  s t r i c t l y  
a m a t t e r  o f  m a i n t a i n i n g  t h e  c l o c k s .  

M R .  R E I N H A R D T :  T h e  s c a t t e r  t h a t  I s a w  w a s  a g o o d  f r a c t i o n  o f  a 
m i c r o s e c o n d ,  a n d  t h a t  i s  many o r d e r s  o f  m a g n i t u d e  l a r g e r  t h a n  you 
would e x p e c t  f r o m  VLBI. You s a y  t h a t ' s  n o t  f r o m  t h e  VLRI s y s t e m ?  

M R .  W A R D :  W h a t  y o u  s a w  f r o m  t h e  V L B I  s y s t e m  i s  w h a t  t h e  c i o c k s  
w e r e  r e a l l y  d o i n g .  and  t h e  l o c a t i o n  o f  t h e  e q u i p m e n t  a t  G o l d s t o n e  
a t  S t a t i o n  1 2  w a s  an  i n t e r i m  l o c a t i o n  w h i l e  t h e y  w e r e  d o i n g  t h e  
a n t e n n a  r e p a i r  and  u p g r a d i n g  t h e  e q u i p m e n t  a t  t h e  6 4  m e t e r  site. 

M R ,  KLEPCZYNSKI: To c a l i b r a t e  t h e  V L B I  p r o c e s s ,  t h e r e  a r e  cwo 
a r e a s  you  h a v e  t o  c a l i b r a t e .  One i s  c a b l e  d e l a y s  i n  t h e  s y s t e m  
a n d  t h e  o t h e r  i s  e q u i p m e n t  d e l a y s .  I n  addition, t h e r e  i s  i3 v e r y  
i m p o r t a n t  d e l a y  w i t h  r e g a r d  t o  t h e  f o r m a t e r .  T h a t ' s  t h e  d e v l c e  
t h a t  t a k e s  t h e  t o m e  f r o m  y o u r  l o c a l  c l o c k  a n d  p u t s  i t  o n  t h e  
t a p e ,  s o  t h a t  you c a n  t e l l  when e a c h  b i t  o f  d a t a  was t a k e n .  

I f  t h e  B l o c k  O n e  o r  B l o c k  Z e r o  s y s t e m  i s  s i m i l a r  t o  t h e  M a r k  
I1 s y s t e m  t h a t  i s  u s e d  e l s e w h e r e ,  i t  i s  a n  u n d e t e r m i n e d  a e l a y ,  
w h i c h  i s  v e r y  d i f f i c u l t  t o  c a l i b r a t e  a c c o r d i n g  t o  t h e  c l o c k  t i m e  
o n  t h e  m a g n e t i c  t a p e .  E v e r y  t i m e  y o u  s t d a r t  a n d  s t o p  y o u r  
e q u i p m e n t , ,  o r  t u r n  i t  on  f r o m  s c r a t c h ,  thls d e l a y  c h a n g e s .  U n l e s s  
y o u  c a n  c a l i b r a t e  e v e r y  s i n g l e  t i m e  w h e n  y o u  s t a r t  y o u  
e x p e r i m e n t ,  you  c a n  e a s i l y  g e t  d e l a y s  o f  s e v e r a l  m i c r o s e c o n d s .  




